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Abstract

In this paper the steady-state performance of different types of DC motors (series, separately-
excited and shunt) fed from a photovoltaic array are obtained by the simulation of the photovoltaic
array / motor system using MATLAB/SIMULINK environment.

To validate the simulations presented in this paper, the results obtained from the simulations of the
system were compared with results obtained using MATLAB as a programming tool and the two

sets of results were identical.
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1. Introduction

Photovoltaic (PV) arrays, which convert solar energy into electrical energy, are considered as one of
the clean renewable energy sources. Several investigations have been conducted on applications in
which PV arrays are used [1-5]. Among the applications in which PV arrays are used is water
pumping in which a DC motor or a permanent magnet (PM) motor driving a water pump, for
drinking or irrigation, is fed from a PV array [1,3,4,6].

The performance characteristics of DC motors fed from PV arrays have been investigated before
[6,7], and that of the PM motor was also investigated [3]. The performance characteristics were,
usually, obtained using high-level programming languages. In this paper,

therefore, the MATLAB/SIMULINK package [8], which has been used extensively in several
investigations, regarding machines and drives, as a simulation tool [2,9,10,11], has been used to
develop a simulation for the PV array fed series, separately-excited (SE) and shunt DC motors. The

approach presented in this paper is much simpler than other approaches used to analyze systems in



which photovoltaic arrays and DC motors are used [2,3,6,7,12]. The method presented is direct, and

computation time required is much less than other numerical methods used.

2. Method of Simulation

The PV array consists of several modules connected in series-parallel combination, depending on
the required voltage and current to feed certain load. The PV array has an I-U characteristic given
by [6]:

Uy = (1/Ag) In[(G Ipngtlog-Ie)/Tog] - Ig Reg (1)

where:

Uy, 1s the output voltage of the array, Ay = A / N, N; 1s the number of series connected modules in
one string, Ay = A / Ngm = q/ Ngm m k T, Ny, 18 the number of cells connected in series, A =q/
mkT is a cell factor that depends on its temperature [13], q is the electron charge (1.602x10™" C),
m is an empirical nonidealty factor whose value is usually close to unity, k is the Boltzmann
constant (1 38x107% J/K), T is the absolute cell temperature, G is the insolation level to which the
PV array is subjected, Ipng = Ion Np, Ipn is the cell photocurrent at standard test conditions (STC)

[13], Nj,is the number of parallel strings,

I = I, Ny, I, 1s the cell reverse saturation current [13], I, = I N,, I is the current per string of
modules which are connected in series, Rgy = Rsm N/ Np, Ry 15 the resistance of the module and is
related to the resistance of one cell (R;) by: Rgn = Ngm Rs
(2.1) Simulation of the PV Array/Series DC Motor System
The steady-state voltage equation of the series motor is:

U=L([R:R) + My L ® (2)

where:

U and I, are the motor terminal voltage and armature current where they are equal to U, and I,
respectively when the motor is fed from a PV-array, R,, R¢ are the armature and field winding
resistances, My is the mutual inductance between the armature and field windings of the motor.

Thus, from eqns.(1) and (2) we get:

U= L (ReRp) + My Ly o

Therefore, the speed equation will be:
® = (1I/Marlg Ag) In[(G Ipngtlog-Ig)/Tog] - (RatRe+Rsg)/ Myt 3)

The developed torque of the series DC motor will, therefore, be:

Te =Myl (4)

For a certain required torque, the motor armature current, or the PV array current, is:
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L= Te/My (%)
From eqn. (5) into eqn. (3) we get the speed-torque characteristics of the motor when fed from a PV
array as:
® = - [(Reg+RatRp) Mag] + [1/ (MasAg N Te /Map)] In [1+ [(G Ippg — ¥ T/ Map/Iogl] ~ (6)
Eqn. (6) is simulated using SIMULINK as shown in the block diagram of Fig. (1) in which the input
to the system is the required developed torque of the motor (T¢) and the output is the motor speed
(o) for certain insolation level (G).
Eqn. (5) is included in the simulation of Fig. (1) to obtain the motor current (I,=I;) which is the PV
array current corresponding to any value of the motor torque. From this simulation the terminal

voltage of the PV array (U ), which is applied to the motor, can be also obtained.
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Fig. (1) Block diagram for the simulation of
the PV array/series DC motor system.
(2.2) Simulation of the PV Array/ Separately-Excited DC Motor System
The voltage equation of the SE DC motor is:
U,=I,R+AK o (7)
where K, is the machine constant and is assumed to be constant since the field current will be

assumed constant at its rated value. The electromagnetic torque developed by the motor is given by:

Te = K2 Ig (8)
Thus, from eqns.(1) and (7) we get:
o = (1/K2 Ay) In [(G Iphgtlog-Ig)/ Log] - Is (RatRse)/ Ko 9)

Combining eqns.(8) and (9), speed-torque characteristics of the motor is obtained as:

o0=- [ T, (ng+Ra)/ K22] + [1/ (Ag K2)] In [1+ [(G Iphg -Te /K2 )/Iog]] (10)



Eqn. (10) is simulated using SIMULINK and the corresponding block diagram is shown in Fig. (2).
In this figure the required developed torque of the motor (T.) is the input to the system and the
speed (o) 1s its output. The current (Iy) and voltage (U,) of the armature are included in the

simulation.
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Fig. (2) Block diagram for the simulation of
the PV array/SE DC motor system.

(2.3) Simulation of the PV Array/Shunt DC Motor System
The steady-state armature current and voltage equation of the shunt motor is:
U=LR+ Myl o (11)
and the corresponding equation for the field is:
U=1R¢ (12)
The motor line currnt, I, is given by:
I=1,+I (13)

and the motor torque can be found from:

Te=Mar o I (14)

U and I are the shunt motor terminal voltage and current where they are equal to U, and I,
respectively when the motor is fed from a PV-array, I,, Iy are the armature and field winding
currents, R,, Ry are the armature and field winding resistances, M,y is the mutual inductance
between the armature and field windings of the motor. When the shunt motor is fed from the PV

array, an expression relating the motor developed torque with its speed can be derived as:

VTe RaRF / Mat (Rs - Myt @) = - [(RaFR¢- Mar ©) Y Rge” Te /[ RaMar (Rs - Myt @)]
+ (1/Ag) In [1+ [(G Lpng -Iy/Tog]] (15)



However, for any given value of the developed torque by the motor, in order to obtain the
corresponding speed from eqn. (15) we need to solve this equation numerically because it is a
transcendental equation. Therefore, to obtain the shunt motor performance characteristics without
solving a transcendental equation numerically, the following approach is used:
(a) For certain motor line current (I), i.e. for certain PV array current (I,), the corresponding
array voltage (U,) is computed from eqn. (1).
(b) Since the PV array voltage is the applied voltage to the shunt motor then the field current
is computed using eqn. (12) as:
Ir=Ug/R¢
(c) Using eqn. (13) the armature current, I,, is obtained from:
L=1-1
(d) From eqn. (14) the developed motor torque is obtained.
(e) The corresponding motor speed is obtained using eqn. (11) as:
©=(Ug- T,Rq) / Mirls (16)
This approach is simulated using SIMULINK as shown in the block diagram of Fig. (3).

il

current

Fig. (3) Block diagram for the simulation of
the PV array/shunt DC motor system.

3. Results

The simulations presented in Figs.(1) to (3), using SIMULINK, for the series, the separately-excited
and the shunt DC motors, respectively, when fed from a PV array were used to obtain the speed-
torque characteristics for the motors. The parameters of the DC motors used and of the PV module
used in the array are given in the Appendix [12, 14]. Fig. (4) shows the results for the series motor,
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Fig. (5) shows the results for the separately-excited motor and Fig. (6) shows the results for the
shunt motor. For all cases three values of insolation levels were used which are G=1.0 pu, 0.8 pu
and 0.6 pu.

To validate the results obtained from the presented simulations the torque-speed characteristics
were obtained using normal MATLAB programming and the two sets of results are found to be
identical. The performance characteristics for the series motor, Fig. (4), and for the separately
excited motor, Fig. (5) show that as the load torque on the motor increases, the speed decreases for
all insolation levels considered. However, to explain the behavior of the shunt motor regarding its
torque-speed characteristics, Fig.(6), we refer to Fig.(7) which shows the variation of the PV array
power and the developed mechanical power from the DC shunt motor versus the PV array voltage
for an insolation level of G = 1.0 pu. . From this figure the value of the voltage at which maximum
power is obtained is found to be 124 V. Also, Fig. (8) shows the variation of the PV array power
and the developed mechanical power versus the motor speed for G = 1.0 pu. From this figure it is
found that the maximum power is obtained at a speed of 1620 rpm. Applying these results to the
torque-speed characteristics, Fig. (6), we find that the maximum torque which is 6.48 Nm occurs at
the same speed at which the maximum power occurs which is 1620 rpm. Since the motor could not
develop a mechanical power higher than the maximum power given by the PV array, as shown in

Figs.(7) and (8), then with higher values of voltages and speeds the developed torque will decrease.

Speed, r.p.m

Tarque, Nm

Fig. (4) speed-torque characteristics of the
series DC motor (obtained from the
block diagram of Fig. (1)).
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Fig. (5) speed-torque characteristics of the
separately-excited DC motor (obtained
from the block diagram of Fig. (2)).
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Fig. (6) speed-torque characteristics of the
shunt DC motor (obtained from the
block diagram of Fig. (3)).
Fig.(9) shows the variation of the DC shunt motor total current, armature current, field current and
PV array voltage versus the motor speed for G = 1.0 pu. It is evident from this figure that as the
motor speed increases the motor total current decreases, the armature current decreases and the field

current increases. This situation is sustained until the no-load speed is reached at which the
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armature current is approximately zero and the motor total current will be equal to the field current

with the corresponding PV array voltage is the highest voltage obtained from it.
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Fig. (7) PV array power and developed power
versus PV array voltage characteristics
of the DC shunt motor for G = 1.0 pu.
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Fig. (8) PV array power and developed power
versus speed characteristics of the DC
shunt motor for G = 1.0 pu.
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Fig. (9) Motor total current, armature current,
field current and PV array voltage versus
speed characteristics of the DC shunt
motor for G = 1.0 pu.

4. Conclusions

A simple and direct method for simulating DC motors fed from PV arrays using MATLAB/
SIMULINK simulation package has been presented. From these simulations, the performance
characteristics of the motor and the PV array feeding them can be obtained. The results obtained
from the simulations presented are identical with the results obtained from normal programming
using MATLAB compared with other published methods of analysis, the method presented

consumes less computation time.

5. List of Symbols

G The insolation level in per unit.

IN The DC motor armature current, A.

I¢ The DC motor field current, A.

I, The output current of the PV array, A.

Tvpp Photovoltaic cell current at maximum power point, A.
I, The cell reverse saturation current, A.



Maf

The array reverse saturation current, A.

Photovoltaic cell photocurrent, A.

Photovoltaic array photocurrent, A.

Photovoltaic module short-circuit current, A.

The DC series motor constant.

The DC separately-excited motor flux coefficient.

The DC shunt motor constant.

Boltzman constant (1.38x107 J/K).

Mutual inductance between armature and field windings, H.
An empirical nonidealty factor whose value is usually
close to unity.

The number of series connected PV modules per string.
The number of series cells in a PV module.

The number of parallel connected strings in a PV array.
The maximum power produced by a photovoltaic cell, W.
The electron charge (1.602x107"° C).

The DC motor armature winding resistance, Q.

The DC motor field winding resistance, Q.

The PV cell series resistance, Q.

The PV module series resistance, Q.

The PV array series resistance, ).

The absolute cell temperature, in Kelvin.

The output voltage of the PV array, V.

Photovoltaic cell voltage at maximum power point, V.
Photovoltaic module open-circuit voltage, V.
Photovoltaic cell factor.

Photovoltaic module factor.

Photovoltaic array factor.

The DC motor speed, mechanical rad. /s.
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7. Appendix
(7.1) Parameters of SOLAREX PV Module (MSX-77/12V) Used in the Array

Maximum power rating Pp.x =77 W
Minimum power rating Pp,x =72 W
Rated current Iypp = 4.56 A

Rated voltage Uyppp = 16.9 V

Short circuit current Isc = 5.0 A
Open circuit voltage Upc =21.0 V
Am=1.0815

Rm=0.5465 Q

I,=6.8398x 10 '° A

Lh=50A

(7.2) Parameters of the Motors

a. Series Motor:
Uu=120V

=92 A
R.=15Q
R¢=0.7Q
M,s=0.0675 H

b. Separately-Excited Motor
Uu=120V
[.=92A
R.=15Q
K.=0.621 V/rad/sec
¢. Shunt Motor:
U=120V
I.=92A
R.=15Q

R¢=100 Q2
M,=0.518 H
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8. Figures Legend

Fig. (1) Block diagram for the simulation of the PV array/series DC motor system.

Fig. (2) Block diagram for the simulation of the PV array/SE DC motor system.

Fig. (3) Block diagram for the simulation of the PV array/shunt DC motor system.

Fig. (4) speed-torque characteristics of the series DC motor (obtained from the block diagram
of Fig. (1)).

Fig. (5) speed-torque characteristics of the separately-excited DC motor (obtained from the
block diagram of Fig. (2)).

Fig. (6) speed-torque characteristics of the shunt DC motor (obtained from the block diagram
of Fig. (3)).

Fig. (7) PV array power and developed power versus PV array voltage characteristics of the
DC shunt motor for G = 1.0 pu.

Fig. (8) PV array power and developed power versus speed characteristics of the DC shunt
motor for G = 1.0 pu.

Fig. (9) Motor total current, armature current, field current and PV array voltage versus speed

characteristics of the DC shunt motor for G = 1.0 pu.
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